The self-diffusion coefficients of different molecular weight PEGs (Polyethylene glycol) and casein 6 particles were measured, using a pulsed-gradient nuclear magnetic resonance technique (PFG-NMR), in 7 native phosphocaseinate (NPC) and sodium caseinate (SC) dispersions where caseins are not structured 8 into micelles. The dependence of the PEG self-diffusion coefficient on the PEG size, casein 9 concentration, the size and the mobility of casein obstacle particles are reported. Wide differences in the 10 PEG diffusion coefficients were found according to the casein particle structure. The greatest reduction 11 in diffusion coefficients was found in sodium caseinate suspensions. Moreover, sodium caseinate 12 aggregates were found to diffuse more slowly than casein micelles for casein concentrations > 9 g/100 g 13 H 2 O. Experimental PEG and casein diffusion findings were analyzed using two appropriate diffusion 14 models: the Rouse model and the Speedy model, respectively. According to the Speedy model, caseins 15 behave as hard spheres below the close packing limit (10 g/100 g H 2 O for SC (Farrer & Lips, 1999) and 16 15 g/100 g H 2 O for NPC (Bouchoux et al., 2009) ) and as soft particles above this limit. Our results 17 provided a consistent picture of the effects of diffusant mass, the dynamics of the host material and of 18 the importance of the casein structure in determining the diffusion behavior of probes in these systems. 19 20
I. Introduction 24 25
Molecular transport, as characterized by diffusion coefficients, is a key feature of food processes and 26 particularly of dairy processes. For example, the transformation of milk into cheese involves many 27 operations such as coagulation, draining, salting and ripening, in which water and solute diffusion are 28 important parameters that affect the microbiological and sensorial stability of cheese. Molecular 29 transport behavior will obviously be different depending on the composition and microstructure of the 30 dairy matrix. Caseins make up to 80% of the protein content of milk (Holt, 1992) . Native 31 phosphocaseinate (NPC) and sodium caseinate (SC) are two casein systems that exhibit differences in 32 structure. In a native phosphocaseinate solution, caseins exist as large colloidal particles called "casein 33 micelles", which contain the four caseins, α s1 , α s2 , β and κ, in the proportions of 3:1:3:1, and ~8% in 34 mass of phosphate and calcium ions (Holt, 1992) . The structure of the casein micelle has been studied 35 for over 40 years and quite precise descriptions are available, although they are still controversial 36 (Horne, 2006) . It is commonly accepted that micelles are roughly spherical core-shell particles with 37 outer diameters ranging from 50 to 500 nm (Dalgleish, Spagnuolo, & Douglass Goff, 2004; de Kruif, 38 1998; McMahon & McManus, 1998) . The core is now generally described as a homogeneous network 39 of caseins in which calcium phosphate nanoclusters are uniformly distributed (Horne, 2002; Marchin, 40 Putaux, Pignon, & Leonil, 2007; McMahon & Oommen, 2008) . The shell is essentially made of κ-41 casein parts with C-terminal sides, which protrude into the aqueous phase of the milk and provide steric 42 and electrostatic stabilization of the particles (Horne, 1996; Sandra, Alexander, & Dalgleish, 2007) . 43
Casein micelles are very porous, highly hydrated and sponge-like colloidal particles containing 44 approximately 3.4 g H 2 O/g protein (Morris, Foster, & Harding, 2000) . Even if these two systems 45 contain the same relative amount of caseins, SC systems are quite different from casein micelles with 46 respect to structure (HadjSadok, Pitkowski, Nicolai, Benyahia, & Moulai-Mostefa, 2008; Lucey, 47 Srinivasan, Singh, & Munro, 2000; Radford & Dickinson, 2004) and interactions because they do not 48 contain calcium phosphate nanoclusters (Farrer et al., 1999) . Caseins are present as individual molecules 49 at room temperature over 36 h under constant stirring for micellar casein, and at 40°C over 24 h for 112 sodium caseinate. Sodium azide was added (0.02% w/w) to each solution to prevent bacterial 113 development. The solutions were studied without pH adjustment. The pH of SC solutions was 6.6±0.04 114 for casein concentrations ranging from 1 to 24 g/100 g H 2 O, while the pH of the micellar casein 115 dispersion was higher, ranging from 7.1 at 3 g/100 g H 2 O to 6.9 at 22 g/100 g H 2 O. Once the powder 116 was totally rehydrated, 0.1% w/w of PEG was added to casein suspensions, regardless of the molecular 117 weight. The dry matter of all casein suspensions was controlled by measuring variations in weight after 118 main constituents of our sample were well-separated by 1 H-NMR. The signal coming from water 131 molecules, which was suppressed with the PFG-NMR sequence we used, resonate at 4.7 ppm. The sharp 132 peak at 3.6 ppm is the signal coming from the 0.1 % (w/w) of a 32530 g/mol polyethylene glycol (PEG). 133
All the other signals come from the protons of the casein molecules. 134 PEG and casein self-diffusion measurements were performed on a 500 MHz spectrometer equipped 135 with a dedicated field gradient probe (DIFF30 from Bruker, Wissembourg, France) with a static gradient 136 strength of 1200 (±0.2) G/cm for an amplifier output of 40 A. Diffusion spectra were acquired with a 137 stimulated echo sequence using bipolar gradients (STE-BPP) and a 3-9-19 WATERGATE pulse scheme 138 to suppress the water signal. Experiments were carried out with 16 different values of g, ranging from 139 20 to 900 G/cm, with δ = 1 ms (for PEG measurements) and δ values ranging from 1 to 2.2 ms (for 140 casein measurements). Sixteen scans were carried out and the recycle delay was set at 5 T 1 . Depending 141 on the molecular weight of the PEG studied, ∆ was adjusted to obtain a diffusion distance z of ~1.5 µm 142 8 in the casein suspension, in accordance with the Einstein equation, z = (2 D PEG ) 1/2 . This procedure 143 enabled the molecular probes to cover much greater distances than the casein micelle diameter. 144 NMR processing methods. All the data processing was performed with Matlab and Table Curve  145 software. Monte-Carlo simulations were used for error calculations with 200 iterations. In a PFG-NMR 146 experiment using the BPP sequence, the echo intensity, I, is described by: 147 the fractional proton number of the ith component. The magnetization decay was analyzed using a 157 monoexponential fitting (i=1) for PEGs and a biexponential fitting (i=2) for casein self-diffusion. The 158 standard error in PEG and casein diffusion coefficients estimated by the fitting procedure was less than 159
10%. 160
Normalization of diffusion coefficients. The self-diffusion coefficients presented in Table 2 were used 161 to normalize the diffusion coefficients measured in SC suspensions. Since the amount of soluble 162 compounds is greater in NPC powder than in SC powder, their contribution to PEG diffusion hindrance 163 in the aqueous phase cannot be neglected in NPC suspensions. To consider the effects of casein alone, 164
we normalized the probe self-diffusion coefficients measured in NPC samples by the probe self-165 diffusion coefficient measured in the aqueous phase that includes these soluble compounds. 166
III. Results and Discussion 167

Dynamic light scattering 168
169
DLS was used to determine the size distribution of particles in suspensions of native phosphocaseinate 170 (3 g/100 g water) as well as sodium caseinate (1 g/100 g water) containing 100 mM NaCl. Figure 2  171 indicated that particles of native phosphocaseinates presented a single broad population distribution 172 from ~ 68 to ~ 459 nm in diameter. The mean casein micelle diameter was 187 nm. These results are in 173 very good agreement with values already reported by several authors (Dalgleish et al., 2004; de Kruif, 174 1998; McMahon et al., 1998) . In contrast, sodium caseinate solution was found to contain two distinct 175 populations, a major one (98% of the total volume) with an average hydrodynamic diameter of 176 approximately 22 nm, and a small weight fraction (2%) of particles with an average diameter of 177 approximately 200 nm. Since large particles scatter more light than small particles, the relative 178 scattering intensity of these particles can be strong, even if their weight fraction is small (Chu, Zhou, 179 Wu, & Farrell, 1995) . In the absence of NaCl salt, caseins are known to be mostly present in the form of 180 individual molecules (HadjSadok et al., 2008) . When electrostatic repulsion is screened by the addition 181 of 100 mM NaCl, the hydrophobic parts of the casein molecules associate, leading to the formation of 182 small micellar aggregates that are probably star-like particles (HadjSadok et al., 2008) . Our results are in 183 very good agreement with those of (HadjSadok et al., 2008; Panouille, Benyahia, Durand, & Nicolai, 184 2005 ). In the presence of 100 mM of NaCl and under the same conditions of temperature and pH, 185 caseins were found to have a hydrodynamic diameter of approximately 22 nm. A second population of 186 larger particles with R h ~100 nm was also observed. However, the nature of these large particles is as 187 yet unknown, but it is clear that they are not residual native casein as supposed by Nash et al. (Nash, 188 Pinder, Hemar, & Singh, 2002) since they do not precipitate during ultracentrifugation. The PEG self-diffusion coefficients (615, 7920, 21300, 32530 and 93000 g/mol) were measured at 20°C 209 in SC suspensions with casein concentrations ranging from 1.26 to 24.04 g/100 g water (Figure 3) . At 210 high protein concentrations, the solutions became highly viscous. The absence of restricted diffusion at 211 the length-scale studied (~1.5 µm) was verified by measuring the self-diffusion coefficients of the 212 93000 g/mol PEG in a concentrated casein suspension at different diffusion times, thus probing a range 213 PEG diffusion coefficients were found to be dependent on both casein concentration and PEG size. PEG 216 diffusion decreased with increasing casein concentration, and for a given concentration, PEG diffusion 217 decreased as their size was important. The change in diffusion coefficients was more significant for the 218 probes of higher molecular weight and larger size, giving D/D 0 = 0.39, 0.13 and 0.016 for 615, 7920 and 219 93000 g/mol PEG, respectively, at a casein concentration of 24 g/100 g H 2 O. 220
The effect of varying the NaCl concentration between 0 and 100 mM on the 7920 g/mol PEG self-221 diffusion coefficients for a fixed concentration of 5 g/100 g of H 2 O was also studied. Reducing the ionic 222 strength from 100 mM to 0.05 and 0 mM led to a decrease in the PEG-reduced diffusion from 223 0.692±0.01 to 0.679±0.01 and 0.620±0.01, respectively (data not shown). As stated above, if 224 monovalent salt is added so that electrostatic interaction is screened, the hydrophobic parts of the 225 individual casein molecules of R h~3 nm associate, leading to the formation of small casein aggregates of 226 R h~1 1 nm. The association number is determined by the balance of hydrophobic and electrostatic 227 interactions, which explains the observed diffusion increase with increasing ionic strength. Thus, these 228 results clearly showed that probe self-diffusion is dependent on the protein size: the smaller the particle 229 size, the slower the probe diffusion rate will be. This finding is in very good agreement with numerous 230 numerical simulations and studies in polymer systems (Colsenet et al., 2005; Gong, Hirota, Kakugo, 231 Naria, & Osada, 2000; Saxton, 1987; Tremmel, Kirchhoff, Weis, & Farquhar, 2003) , which have 232 highlighted the effect of obstacle size or density on probe diffusion. It was found that the probe 233 diffusion coefficient strongly decreases with decreasing protein size or increasing protein density, as the 234 density is higher for a given composition with smaller particle sizes. All these differences in diffusion behavior may be explained by the loss of the peculiar structure of the 247 casein micelle in SC dispersions. These differences should thus, first of all, be attributed to the 248 difference in the casein protein size. In polymer theory, the diffusion of polymer chains can be divided 249 into two regions based on the chain length relative to pore size R (de Gennes, 1979b; Doi & Edwards, 250 1986 ). The first region for a Gaussian chain is observed when the gyration radius of the chain R g < R/2, 251 where the diffusion is describe by the Rouse model. The second behavioral region is observed when R g 252 > R/2, where the reptation theory, proposed by de Gennes, describes the movement of an unattached 253 chain by Brownian motion in a many-chain or gel system. A simple power law provides a description of 254 the solute diffusion coefficients versus molecular weight: 255 It can be seen that the exponent, which is close to the theoretical value of 0.6 for PEG diffusion in water 274 (de Gennes, 1979a) , gradually shifted towards higher values when the casein concentration (i.e., 275 network density) increased. However, in the case of SC systems, the exponent shifted more rapidly 276 towards higher values. For the NPC system, the α value varied between 0.58 and 0.84, with casein 277 concentrations varying from 2.88 to 22.4 g/100 g water. The values of α, around 0.7, obtained for casein 278 concentrations between 3 and 15 g/100 g H 2 O, show that although the diffusion was reduced by casein 279 micelles for these PEGs, this obstruction mechanism had no constraints on their spatial organization and 280 they thus retained a spherical random coil form. If PEGs had diffused inside the micelle, the α values 281 would have been higher since a PEG would be forced to change its conformation in order to diffuse 282 inside the micelle. However, for casein concentrations > 15 g/100 g H 2 O, the α values showed that 283 PEGs adopted an ellipsoidal random coil form at this concentration and that the casein system mesh size 284 approaches the solute radius. For SC systems, α values varied between 0.58 and 1.42, with casein 285 concentrations varying from 1.26 to 24.04 g/100 g water. In addition, for a casein concentration > 6 286 g/100 g H 2 O, PEGs assumed the aspect of statistically ellipsoidal random coils and there radius 287 approached the system mesh size. 288
The analysis above suggests that SC systems have higher densities than NPC systems for the same 289 casein concentration, which is partially responsible for the strong reduction in the diffusion in SC 290 suspensions with an increase in casein concentration. These results also suggest that the casein networks 291 (NPC and SC systems) are not dense enough to induce reptation, but are dense enough so that the solute 292 conformations corresponding to elongated shapes are favored for the diffusion step to be effective. coefficients of the same order have also been measured in NPC suspensions by other authors using the 305 PFG-NMR technique (Le Feunteun et al., 2012; Mariette et al., 2002) . This diffusion coefficient was 306 attributed to the soluble compounds, a conclusion supported by diffusion measurements of these 307 compounds in the serum phase extracted by ultracentrifugation. The diffusion coefficient obtained 308
-11 m 2 s -1 ) was equal to the value estimated at zero casein concentration. The second diffusion 309 coefficient, which represented the main fraction of the echo attenuation, can therefore be attributed to 310 15 the casein particles. Figure 6 shows the variation of casein particle diffusion coefficients as a function of 311 casein concentrations in NPC and SC systems. Diffusion data were extrapolated to infinite dilution in 312 order to estimate the casein particle size from the SE relation. The radii obtained using this equation 313 were consistent with the casein size distribution determined by DLS and were equal to 12 nm for 314 sodium caseinate aggregates and 96 nm for casein micelles. These findings are in very good agreement 315 with several PFG-NMR (Le Feunteun et al., 2012; Mariette et al., 2002) , inelastic light scattering and 316 dynamic wave spectroscopy studies (Alexander, Rojas-Ochoa, Leser, & Schurtenberger, 2002; 317 Gaygadzhiev, Corredig, & Alexander, 2008) where the values of casein micelle diffusion reported 318 ranged from 2x10 -12 down to 2x10 -13 m 2 s -1 , depending on the composition of the dairy suspension and 319 on its casein concentration. Sodium caseinate aggregate diffusion measurements were also consistent 320 with values already measured by (Tan et al., 2010) in SC dispersions using the PFG-NMR technique. 321
The experimental values of casein diffusion were fitted to the following empirical equation proposed by 322
Speedy (Speedy, 1987) suspensions for various casein concentrations (from top to bottom): 1.26, 2.25, 4.19, 5.20, 6.21, 9.11, 11.87, 17.45 and 24 .04 g/100 g H 2 O. and the inverse suspension viscosities (η s ) normalized by the solvent viscosity (η 0 ) (empty shapes) for SC (square) and NPC suspensions (diamonds).
